This paper summarises the current knowledge on the effects of medullary reaming of longbone fractures. Following a review of intramedullary vascular physiology, the consequences for vascularity, the autograft effects, the generation of heat, and fat embolism are outlined. Also, alternative reaming techniques are described.
The development of intramedullary nailing, introduced in 1939 by Küntscher, 1 revolutionised the treatment of fractures of the long bones. Initially, this mechanism of stabilisation consisted of the maintenance of close contact and friction between the implant and the inner cortex by a cloverleaf nail. The technique was limited to simple fractures of the midshaft only. Once established, reaming became an important addition to the method. The process of reaming has attracted extensive research and has been shown to be associated with a number of biological effects, including the alteration of the medullary blood supply, fat embolisation, autografting and the generation of thermal energy. [2] [3] [4] [5] [6] Since the development of locked nailing, the indications for intramedullary stabilisation have been expanded further, thus providing a broad spectrum of options for the management of a variety of fractures. 7 This review describes the anatomy and physiology of intra-and extramedullary changes induced by reaming of the medullary canal in fractures of the long bones.
The kinetics of the intramedullary blood supply
The intramedullary vascular anatomy has been described extensively. The arterial and the venous systems are described separately. The arterial system. There are three different vascular trees within the arterial system, namely, the nutrient artery and its branches, the perforating metaphyseal and epiphyseal arteries and the periosteal vessels. [8] [9] [10] [11] Periosteal vessels play an important role in the osseous blood supply and variations in different parts of the shaft of the femur have been described. 10 An experimental study by Nutz 12 showed that there was a better blood supply in the proximal shaft of the femur compared with the distal portion. A nutritent artery usually enters the cortex of the diaphysis of the femur in the area of the linea aspera 11 and communicates with further medullary arteries. These form anastomoses both proximally and distally with metaphyseal vessels. 8, 9 The process of intramedullary reaming largely destroys the intramedullary arterial system. 2, 3 A study by Schemitsch et al 4 has clearly demonstrated that reaming alters bone perfusion, but that this appears to resolve by three months. The venous system. This has not been investigated as thoroughly as the arterial system but the intramedullary venous plexus is altered by reaming. The anatomical differences between the arterial and the venous systems were documented as early as 1876 when Langer 13 noted that "The venous system of long bones is much larger, they are more numerous and their wall is much thinner than the one of arteries".
Other investigations have demonstrated that the venous system may be regarded as a blood pool. The intramedullary veins have been described as 'capacity vessels'.
14 The presence of a large central vessel, the central venous sinus, has been confirmed and may communicate with wide venous sinusoids, which allow venous pooling. 8, 15 The thin venous wall is very flexible and the venous system is capable of filling up to one-third of the entire medullary canal. 15 Its capacity is estimated to be six to eight times greater than that of the arterial system of the long bones. 16 The reported features of the intramedullary veins are listed in Table I .
Regulation of the intramedullary blood flow. As in the systemic circulation, a physiological blood flow is present in long bones. It has been measured as 1.3 mm/s in the arterioles and 0.1 mm/s to 0.3 mm/s in the venules. 8 The intramedullary canal also acts as a supporting pump for venous backflow. 14 The systemic blood pressure and the general circulatory conditions directly affect local blood flow. The physiological blood flow is also regulated by other passive and active mechanisms, independent of the systemic circulation. Passive changes of intramedullary blood flow. Several independent parameters can influence the medullary blood flow 14 such as 1) changes in inflow due to variation in the systemic blood pressure and muscle blood flow; 2) changes in outflow due to venous obstruction; and 3) pressure changes induced by respiration.
Changes in the inflow of intramedullary blood can induce a vascular shunt phenomenon, which may influence the intravasation of intramedullary contents. The physiological blood flow appears to be more constant in bone than in muscle. The conditions for the production of a shunt are of special interest. Experimental ligation of the femoral vein induces a biphasic response. There is an initial transient reduction of blood flow followed by a period of hyperfusion which appears to affect the bone only and not the muscle. Active changes of intramedullary blood flow. The regulation of blood flow is also influenced by active, neural and biochemical mechanisms. 14 The central venous sinus is the most important intramedullary vessel and is extremely distensible. Phlebographic investigation has shown that a major portion of outflow is maintained by additional vessels within the metaphysis (Table I ) and that there is free blood flow in both centrifugal and centripetal directions. Therefore every muscular contraction causes a rise in intramedullary pressure. This shunt function is also present in a vertical direction. With a tourniquet at the diaphysis, a venous injection of dye reaches the venous system proximal to the tourniquet through the intramedullary canal. 14 Under physiological conditions there is centripetal blood flow. With a rise in intramedullary pressure, reversal of the direction of flow may occur. 11 This may also be induced by the piston-like effect of an intramedullary reamer. Thus, bone marrow, fat or other intramedullary contents may be forced into the metaphyseal vascular systems. 17 There is a direct relationship between intramedullary pressure and flow.
14 A physiological positive pressure is present within the medullary canal. This is pulse-dependent and has been found to be approximately 25 mmHg to 30 mmHg in sheep. 5 Stein, Morgan and Reynolds 18 recorded mean values of 50 mmHg in the dog and values up to 65 mmHg in man. Other authors have recorded lower values intraoperatively in patients with fractures of the femur. 6 Rehm 19 recorded a mean pressure of 27 mmHg in the intact human humerus compared with 6 mmHg on the contralateral side which was fractured.
Intramedullary pressure changes and intravasation of bone marrow
In order to achieve intravasation of bone marrow or fat into the vascular system, the intramedullary pressure has to be surpassed. The experimental and clinical findings regarding measurements of intramedullary pressure after reaming 17 Outflow is maintained through the metaphysis Piston effect Brookes 11 The centrifugal blood flow is unrestricted Shunt function Shaw 14 Intramedullary blood flow depends on local pressure
Influence of blood pressure Table II . There is widespread agreement concerning the following basic principles: 1) The highest pressure values are achieved during the initial reaming; 2) the maximum pressure increase is achieved after the reamer has entered the main distal fragment since there is no further reduction of pressure by leakage from the fracture line; 3) in the course of femoral nailing the reaming procedure produces an increase in intramedullary pressure, but insertion of the nail does not appear to cause a further rise. 5, 6, [20] [21] [22] The volume effect was discussed by Küntscher. 23 He calculated a displacement of 20 ml of water if a nail of 37 cm in length and 15 mm in diameter was inserted. However, he did not regard this volume effect as important since intramedullary contents can escape proximally along the slitted nail. He stated that "the effect of subsequent hammer strokes is additive. Therefore pressures by far above diastolic values can occur. It is crucial however, that it takes several seconds until the pressure reduces back to normal levels. In conclusion it appears of uttermost importance to insert the nail as slowly as possible". 23 Wenda and Runkel 6 calculated the volume effect on the basis of the reamer rather than the nail. By means of a surface formula he determined a volume effect of 50 ml for a 15 mm instrument. He concluded that "It does not appear likely that this volume can flow proximally as the drill is advanced". 6 According to current knowledge, the localisation and type of fracture appear to be important for the degree of volume effect. In proximal, simple fractures a greater effect is more likely than that in distal fractures with multiple fragments.
No clinical data are available on this topic but experimental investigations have been undertaken. Manning et al 24 demonstrated a greater amount of leakage of fat in intact compared with fractured dog femora. Vance 25 estimated a volume of fat of 60 ml to 80 ml to be liberated from the lower limbs, while Watson 26 calculated approximately 20 ml to 50 ml (Table III) .
Our group and others have performed experimental investigations regarding the systemic effects of reaming. The earliest studies were done by Stürmer and Schuchardt 20 who demonstrated extravasation of fat after reaming. This was confirmed by Wenda et al 21 who noted the addition of platelets to the fat thrombus as it travelled through the vena cava. The intact femur has usually been used to detect systemic changes in animal models. Reamed nailing caused pulmonary microvascular damage only in the presence of previous pulmonary injury. The transient vascular changes (pulmonary artery pressure, pulmonary vascular resistance increase) also occurred in isolated femoral fractures in the absence of a lung contusion or other predisposing injuries for adult respiratory distress syndrome and organ failure. 27 The use of an unreamed nail, 28 the employment of different reamers 29 and the application of external fixation 28 were all able to reduce the vascular and the oedematous changes as determined by the collection of lymph from the lung. In another set of experiments, the coagulation effect was quantified after reaming and was shown to play a role in the development of pulmonary dysfunction. 30 In a separate model, reamed nailing of an intact femur was used before the induction of other stimuli in the development of a model of irreversible organ failure. The addition of sequential inflammatory stimuli after shock, lung contusion and reamed nailing led to the expected irreversible organ damage. 31 The response to reamed nailing, unreamed nailing and plate osteosynthesis of fracture of the femoral shaft in sheep with and without lung contusion has also been investigated. Reaming caused a reversible increase in pulmonary vascular resistance, but no sustained pulmonary dysfunction despite lung contusion. It was therefore concluded that lung contusion did not prime the lung for further deterioration and that reamed nailing was not harmful. 32 The particular animal model selected may play a role. [33] [34] [35] Currently, the baboon model used by Kröpfl et al 36 appears to be the best comparison with the human situation. In this model, reamed nailing caused a higher degree 46 
Microthrombus
Activation of coagulation by thromboplastin Hofmann et al 47 
Air embolism
Air trapped inside the medullary canal Eggert et al 48 
Monomer reaction
Toxic reaction of bone cement Schlag et al 49 
Vasovagal reflex
Sensitisation of pulmonary extensile receptors THE JOURNAL OF BONE AND JOINT SURGERY of fat embolisation than unreamed nailing. This agreed with a clinical study which indicated a higher degree of inflammatory response after reamed nailing. 37 It also confirmed our previous results using a reamer irrigator aspirator technique. 38 Whatever the effect of reaming, it appears that a modulation may occur if there is additional chest trauma or haemorrhagic shock. In these cases, the effects are accentuated and may have more clinical relevance. Therefore, the general recommendation has been to proceed carefully when reaming is performed. [39] [40] [41] [42] [43] [44] Further data are given in Table IV. 45-49
Generation of heat
During reaming rises in temperature of more than 50˚C have been reported. 50, 51 This can lead to thermal necrosis of bone with alteration of endosteal architecture and biological failure. 52 The critical temperature for thermal injury of bone is considered to be 56˚C which is the level at which denaturation of alkaline phosphatase occurs, but extensive cortical necrosis has been reported at temperatures higher than 70˚C. 53 Several authors have focused on the effect of intramedullary reaming and rise of temperature, reporting a correlation between the elevation of temperature and the size of the reamer. 54 Although the complication of thermal necrosis as a result of intramedullary reaming is commonly quoted, clinical evidence of this is rare and fewer than ten cases have been recorded in the literature. 55 In addition to the injudicious use of reaming, the application of a tourniquet has been considered to be an important factor in thermal necrosis. A recent study, however, indicated that the application of a tourniquet and reaming to 1.5 mm above the required diameter of the nail appeared to be safe clinical practice. 55 
Autografting by debris from intramedullary nailing
While some of the above factors indicate the potential complications of reaming, the positive factors should be emphasised. Healing after intramedullary stabilisation has received widespread attention, especially since the implementation of the unreamed technique and the use of thin solid nails. In a model of a fracture of the tibia, the effects of reamed versus unreamed nailing were compared. 4 In the reamed group, tibial fractures induced by three-point bending stress were stabilised by 7.0 mm nails after reaming up to a diameter of 8.5 mm. At follow-up there was significantly worse perfusion in the proximal and distal fragments and around the site of the fracture until six weeks after the experiment. 4 In sheep, the debris created during intramedullary reaming was shown to be collected at the fracture gap. This effect was also comparable with conventional bone grafting, thus supporting the theory of 'autografting'. 56 Reaming mobilises cancellous bone inside the medullary canal. Exchange reamed nailing is a standard procedure in patients with nonunion after fractures. There appears to be stimulation of revascularisation by the breaking-up of intramedullary scar tissue. This may also be effective in patients with chronic osteitis who have episodes of ischaemic pain. 57 In a recent review Brinker and O'Connor 58 drew the following conclusions regarding the technique and the indication of reaming and exchange nailing for nonunion: "Exchange nailing is an excellent choice for aseptic nonunions of noncomminuted diaphyseal tibial fractures, with union rates reported to range from 76% to 96%. Canal reaming should progress until osseous tissue is observed in the reaming flutes. The exchange nail should be at least 1 mm larger in diameter than the nail being removed, and it has been recommended that it should be up to 4 mm larger if the nail being removed is greatly undersized. On the basis of the available literature, exchange nailing cannot be recommended for distal femoral nonunions at this time. There is no clear consensus regarding the use of exchange nailing in the presence of active, purulent infection".
Likewise, Hak, Lee and Goulet 59 concluded that "Exchange reamed nailing remains the treatment of choice for most femoral diaphyseal nonunions. Exchange reamed IM [intramedullary] nailing has low morbidity, may obviate the need for additional bone grafting, and allows full weight-bearing and active rehabilitation".
Recently, new systems have been developed which allow modification of the effects of regular reamers. Irrigation using saline at the tip of the reamer and subsequent suction of the intramedullary contents reduce the risk of embolisation, and with the addition of a strong suction device, the intramedullary contents may be harvested in a seal. Although no clinical published studies are available at this time, this method may allow the use of reamers in the harvesting of bone grafts. As a source of autologous bone graft, the pelvis offers limited amounts. Moreover, fractures of the anterior iliac spine and complaints of sustained pain at the site of harvesting of the graft have been noted. The volume of medullary bone graft is larger and recent investigations have clearly documented higher concentrations of growth factor in femoral as opposed to pelvic bone grafts. 60 However, clinical evidence from larger studies has yet to prove the efficacy of these systems.
Effect on the vitality of cell populations and release of growth factors
With the latest advances in diagnostic techniques in molecular biology there has been considerable interest in the effect of reaming on the cell populations normally found in the intramedullary canal. Some authors have shown that the reaming debris is a source of multipotent stem cells which can grow and proliferate in vitro. 61, 62 This has prompted interest in the use of these stem cells in cell and bone replacement therapy. 61, 62 The release of molecular mediators implicated in fracture healing has been investigated after reaming. In a quantitative assessment of growth factors in reamed aspirate, elevated levels of several growth factors were found in the debris as compared with bone from the iliac crest. 63 The process of reaming induced an increased release of further growth factors by 111.2% and 115.6%, respectively. IGF-1 also increased by 31.5% and TGF-b1 by 54.2%. The authors concluded that reaming of the intramedullary canal was associated with an increased liberation of growth factors and that the osteogenic effect of reaming could be secondary not only to the graft debris, but also to the increased liberation of these molecules.
In summary, reaming of the canal of long bones alters the medullary blood flow, blood supply and rate of healing. It has led to an expansion of the indications for nailing in fractures of the long bones. These effects are also of value in nonunion, and for relief of pain in patients with chronic osteitis. Modern reaming techniques may allow eradication of concern regarding embolisation of bone-marrow contents and offer the additional option of their use as a boneharvesting device.
